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Abstract 
This paper focuses on optimal CO2 transport solutions from emission sources in the Skagerrak/Kattegat region to 
permanent storage. The goal is to identify and compare different transport solutions and ultimately find the most cost 
efficient one. The two main modes of transportation for CO2 are pipelines and ships. Additional equipment such as 
installations for conditioning for transport, i.e. compression, liquefaction, drying, and intermediate storage, is 
included in the costs. Three main transport solution cases are investigated: a pipeline network, ship transport, and a 
combination of ship and pipelines. A sensitivity analysis is performed to investigate the uncertainty of important cost 
parameters. Further, the effect of ramp-up over periods of 10, 25, 50 years are analysed.  
The overall costs for transport are estimated to be between 12 and 14 €/tCO2. With current assumptions ship transport 
is the most cost effective solution, but the difference lies well within the accuracy. 
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1. Introduction 
The project “Carbon Capture and Storage in the Skagerrak/Kattegat Region” [1] was conducted in 
2008-2011 and explored the feasibility of establishing a Carbon Capture and Storage (CCS) infrastructure 
in the Skagerrak/Kattegat region in southern Scandinavia.  
This paper focuses on optimal CO2 transport solutions from emission sources in the region to 
permanent storage. The region consists of eastern Norway, the western coast of Sweden and the eastern 
and northern part of Denmark. Within the Skagerrak/Kattegat region, several industrial and power plants 
are located. Approximately 14 MtCO2 are emitted to the atmosphere from large point sources, each with 
annual emissions of 0.3 MtCO2 or more. In Figure 1, the location of the emission sources and the potential 
storage is shown. The storage, the Gassum formation identified by the University of Oslo, is located 
outside the coast of Kristiansand in the southern part of Norway and stretches down towards Denmark.  
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Figure 1 The Skagerrak/Kattegat region with emission sources and storage location (©Mareano) 
CO2 sources within a radius of 100 km, a total of 14 point sources have been identified. The clusters 
Grenland, Gothenburg and Aalborg have more than one emission source (industry and/or power plants), 3, 
4 and 2 respectively. Seven of the identified sources were studied in detail as they were contributing 
partners in the project. These sources are presented in Table 1.  
Table.1 Summary of emission sources belonging to project partners 
Emission sources Captured CO2 (kt/year) Utilisation (%) 
Yara, Porsgrunn 638 100 
Borealis, Stenungsund 482 100 
Esso Slagentangen 307 100 
Preem, Lysekil 1480 100 
Preem, Gothenburg 410 100 
Ryaverket, Gothenburg 370 41 
Nord-Jyllandsverket, Aalborg 1700 89 
 
However, in a transport network it makes sense to include all the sources that could play a part in such 
a network.  Emission data from the additional point sources has been gathered from the public domain, i.e. 
company websites. The emissions can vary from year to year depending on the production level, thus a 
representative emission level is sought and not necessarily last year’s emission numbers. In order to take 
into account the emissions from CO2 capture in addition to the existing emissions, a simple estimation of 
CO2 for transport has been performed. It is assumed that CO2 capture will give a 30% increase in CO2 due 
to the energy needed for capture (possible excess energy available at the plants has not been taken into 
account), a capture rate of 85% is assumed. Emission numbers for the additional point sources included in 
the transport network is given below. Full utilisation during the year is assumed, thus a production year is 
8760 hours.  
 
 Keely Oy is a refinery located in Gothenburg, estimated CO2  for transport is 460 ktCO2 /year 
 Södra Cell Värö is a paper mill located at Värö, estimated CO2 for transport is 1120 kt CO2/year 
 Sävenäsverket HP & CHP is a waste handling plant located in Gothenburg, estimated CO2 for 
transport is 690 kt CO2/year 
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 Aalborg Portland AS is a cement plant located in Aalborg, estimated CO2 for transport is 2980 kt 
CO2 year 
 Norcem AS is a cement plant located in Brevik, Grenland, estimated CO2 for transport is 990 ktCO2 
/year 
 Noretyl AS (Ineos) is chemical plant located in Porsgrunn, Grenland, estimated CO2 for transport is 
700 kt CO2/year 
 Norske Skog Saugbrugs is a paper mill located in Halden, estimated CO2 for transport is 640 kt 
CO2/year 
 
Not all of the point sources in this investigation have continuous operation the whole year round. 
Power plants can have reduced operation during periods of the year when electricity consumption and/or 
the price is low. This has consequences for the transport network. For simplicity, it is therefore assumed 
that all point sources have continuous operation, and the transport network will be designed based on 
maximum CO2 output from the sources. Several point sources utilize biomass as an energy source, 
however in this project it is not distinguished between biogenic and fossil CO2. 
 
2. Methodology of cost estimations 
The transport cost estimation for ship and pipeline is performed using the factor estimation method and 
is based on data from Eurostat [2] (the European statistical organization linked to the EU). The data is 
based on general process equipment, generic cost (Rotterdam location). Equipment cost has been 
calculated in Aspen Icarus Project Manager. A complex model is built-up using the Microsoft Office 
program Excel. The model is flexible and the input parameters; CO2 amount, transport length, degree of 
pipe utilization, rate of return on investment, number of years, electricity cost and number of hours per 
year can be varied. The model handles both ship and pipeline transport cost calculations. The factor 
estimation method gives an accuracy of ± 30%. Due to the flexibility of the model several sensitivity 
analyses are performed. The effect of different parameters can be investigated and the most cost intensive 
can be identified.  
 Assumptions 
The main assumptions of the cost estimations are CO2 amounts and transport lengths. It is assumed that 
the CO2 from all point sources in the Skagerrak/Kattegat region is captured and available for transport to 
permanent storage from Day 1 of operation of the transport network. Production at the point sources is 
assumed continuous and a production year is therefore set to 8760 hours. This assumption will have 
consequences for in particular the power plants that generally do not have continuous production over the 
whole year. At times of low electricity and/or heat demand production is stopped or reduced, usually 
during the summer months.   
 Topography and distances 
Generally, it can be said for all cases that the proposed pipeline network and ship route is not final. The 
distances used in the calculations are measured using publicly available maps. The added distance due to 
the terrain variations is included by multiplying a factor to the measured distance. Onshore distances are 
assumed to be 20% longer and offshore distances are assumed to be 10% longer for pipelines. The same 
factors were used in Kjärstad and Johnsson [3], where they were added to distances measured in a 
geological information system (GIS). In Pöyry [4] a 20% increase was added to the distances. The added 
distance for ship route is set to 10% of the measured distance.  
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 Interest rates and lifetime 
The costs refer to the cost level of Q2 2011. Rate of return on investment for both pipeline and ship is 
set to 8% and the project lifetime is 25 years, 1 year construction and 24 years of operation. These 
assumptions are adopted for both pipeline and ship. 
 Pipelines and ship  
The design of pipelines will depend amongst other things on limitations (maximum pressure) imposed 
by the authorities in the selected route (could be more than one). It is not foreseen that these limitations 
will affect offshore pipelines, but onshore pipelines may be restricted. Conditioning of CO2 before 
transport will include pumping from 75 bar up to transport pres-sure. The initial pressure will depend on 
the length of the pipeline and the associated pressure drop. The costs of ship transport will depend on land 
facilities, and loading and unloading. The distance will not affect the costs that much. The ship size is 
limited to 40,000 m3. 
 
3. CO2 transport cases 
A storage location, Gassum formation, offshore of Kristiansand in Southern Norway has been 
identified. This location was implemented as the location for storage for all the cases proposed below, 
with the exception of the Reference case, in which the CO2 is transported to a hub at Mongstad for storage 
in the Utsira formation off the west coast of Norway. Approximately 14 MtCO2 from 14 point sources 
have been identified in this project and are included in the proposed transport cases presented below.  
 
Case 1 
The pipeline network is designed to transport CO2 from all of the point sources in the region. A central 
pipeline in the Skagerrak/Kattegat is suggested, to which individual pipelines from the emission sources 
can be connected. One common pipeline is foreseen from regions with more than one emission source, 
although a number of smaller pipelines will be needed to collect the CO2 in the cluster of Grenland, 
Gothenburg, and Aalborg. An important assumption for this case is that the pipeline network operates at 
100% utilisation. An illustration of Case 1 is given in Figure 2a. The focus is on connecting all of the 
point sources in a transport network, since the main objective of the project was to look at the 
Skagerrak/Kattegat region as a whole. Nonetheless, other solutions should be investigated, since some 
regions (e.g., Grenland and Aalborg) might benefit from having a separate pipeline directly connected to 
the storage site.  
 
Case 2 
The basis of Case 2 is ship transport, and one ship is foreseen from each location. This means that 
some emission sources share one ship with other sources located in the cluster (Grenland, Gothenburg, 
and Aalborg), while all the others have their own ship. All of the ships in this scenario transport the CO2 
to a central hub, from where the CO2 is transported to permanent storage through a pipeline or to offshore 
unloading at the storage site. While there are several possible locations for a hub, in this project the 
following are considered: Grenland (Brevik); Kristiansand; and Stenungsund. Full (100%) utilisation of 
the pipeline is foreseen. Case 2 is illustrated in Figure 2b. The locations of the hubs are shown, but only 
the pipeline from Grenland is included in the illustration.  
 
Case 3 
This case combines ship and pipeline transportation to a greater extent than in Case 2. Direct pipelines 
from Grenland, Gothenburg, and Aalborg to a permanent storage site are included. CO2 from the other 
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sources is collected by a single ship on a roundtrip. The CO2 is unloaded either at a hub location for 
further transport by pipeline to the storage site or directly at the storage site. The locations considered are: 
Grenland (Brevik); Kristiansand; and Stenungsund. Full (100%) utilisation of the pipeline is foreseen. An 
illustration of Case 3 is given in Figure 2c.  
 
Reference case 
The Reference case is included to illustrate the importance of utilising storage sites near the emission 
source. An increased transport distance will affect the cost of transport. The Utsira formation off the west 
coast of Norway is considered to be a possible storage site for some of the CO2 emissions from Europe. 
The Utsira formation is already in use as a storage depot for CO2 from offshore gas processing. The 
Reference case considers pipeline transportation of CO2 to a hub at Mongstad; further transportation to 
permanent storage is not included. It is assumed that the CO2 from the Skagerrak/Kattegat region will join 
a common pipeline from Mongstad to the storage site. The network is utilised 100%.  
 
      
a) Case 1; pipeline network   b)     Case 2; ship transport 
 
c)     Case 3; combination of ship and pipeline transport 
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4. Cost estimation results  
The costs of the main transportation options are summarised and compared to the Reference case in 
Table 2.  
Table 2. Comparison of Cases 1, 2, 3 and the Reference case 
Cases Capex (M€) Opex (M€) Cost (€/tCO2 ) 
Case 1 2,142 11 14.3 
Case 2 (Hub Grenland) 867 88 11.9 
Case 3 (Hub Grenland) 1,517 35 12.1 
Reference case  2,844 17 19.2 
 
A general comparison of Cases 1, 2 and 3 shows that the pipeline-based transport (Cases 1 and 3) 
solutions have higher Capex costs than the ship-based systems, while a ship-based system has a higher 
Opex, as in Case 2. In Case 3, which is a combination of ship and pipeline networks, it can be seen that 
the Capex is decreased compared to Case 1 and that the Opex is decreased compared to Case 2. Case 2 is 
the least cost-intensive solution, closely followed by Case 3, although the differences are within the 
accuracy of the estimation method. Other factors, such as the limitations related to protected areas, quay 
access etc., will therefore be of importance when planning a transport infrastructure. This has not been 
considered in this project. 
In the Reference case, CO2 is transported to an assumed hub at Mongstad. There are several possible 
storage sites outside Mongstad, e.g., the Johansen formation and several locations in the Utsira formation. 
If there is no hub at Mongstad, an alternative ‘reference case’ would be to transport directly to storage in 
the Johansen or the Utsira formation. The distance to the Johansen formation is approximately the same as 
to Mongstad, whereas for the southern parts of Utsira the distance is 100–200 km shorter, thus reducing 
the transport cost by 1-2 €/tCO2. 
It is clear that finding a storage site in close vicinity to the point sources is favourable. Longer pipelines 
are costly, long transport distances favour ships. For the overall volumes considered in this study (~14 
MtCO2) and a transport distance to Mongstad of approximately 1500 km, the costs of CO2 transportation 
by ship and pipelines are of the same magnitude.  
4.1. Sensitivity analysis  
Sensitivity analysis was performed for Cases 1, 2 and 3 with the parameters varied being the rate of 
return, number of years (lifetime), Capex, and Opex. All parameters were varied by ±50%. A sensitivity 
analysis of the amount of CO2 transported and the length of transportation has not been included, due to 
the cases which combine ship and pipeline transport. Ships and pipelines will react differently to changes 
in these parameters.  
The results of the sensitivity analysis show that the effect of a ±50% change in rate and number of 
years has the greatest effect on Case 1, followed by Case 3 due to the higher share of Capex costs. A 
decrease in the number of years generally has little effect on the total costs. The sensitivity analysis for 
Capex and Opex show that changes in Capex have the greatest effect on cases based on pipeline transport 
(Case 1 and to some extent Case 3), while changes in Opex have the greatest effect on Case 2, in which 
transportation by ship predominates.  
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In order to illustrate the dependence on transport length and amount of CO2 for the cost a number of 
different length and amount scenarios are calculated. The results are presented in Figure 3, and will give 
an indication of the most cost effective mode of transport for different scenarios.  
 
 
Figure 3. Illustration of how the cost varies with amount of CO2 and transport length. 
Generally it can be seen from Figure 3 that both pipeline and ship transport costs increases with 
increasing length and that the cost decreases with increasing amount of CO2. It can also be seen that the 
transport costs are less dependent on amount and length for ship than pipeline transport. For CO2 amounts 
up to approximately 1000 kt and a transport distance of 5 km, ship transport is favourable. When the 
transport distance increases to 600 and 1200 km the breakeven point between ship and pipeline is moved 
to approximately 5000 and 15000 kt, respectively. For long distance transport, ships are the most cost 
effective option, while for shorter distances pipelines can be favourable especially for larger amounts of 
CO2. It is important to remember that the results in the figure above are indicative and can vary depending 
on the assumptions.  
 
5. Concluding remarks 
The technical basis for transportation, receiving and intermediate storage of CO2 is established and cost 
estimation is performed. The overall transport cost is estimated to lie in the region of 12–14 €/tCO2 when 
approximately 14 Mt of CO2 are transported annually (100% utilization). Under current assumptions, 
transportation of CO2 by ship is the most cost-effective solution, although the costs differences among the 
2956   Anette Mathisen et al. /  Energy Procedia  37 ( 2013 )  2949 – 2956 
various options lie well within the accuracy of the estimations. Other factors, such as limitations related to 
protected areas and quay access will therefore be of importance when planning the transportation 
infrastructure. 
The results from the transport cost estimations also illustrate the importance of finding a suitable 
storage relatively close to the emission sources. It can also be seen that there are small variations in cost 
for the different transport solutions for storage in the Skagerrak basin. 
The transport options have been compared assuming 100% utilisation from Day 1, i.e. all the point 
sources are equipped with capture plants at the same time, in for example 2020. However, there will most 
probably be a step-wise ramp-up before the identified full potential for carbon capture is reached. This 
project has investigated the effect of a gradual growth of the CO2 amount for transport in pipelines. The 
effects of increasing the pipeline grid over time as demand increases is compared with the building of an 
oversized system to take into account the complete potential identified in the region at the beginning. A 
generic approach is applied in which the amounts of CO2 for transportation are increased by 25%, 50%, 
and 75% before reaching 100% utilization. The construction cost of the pipeline grid is calculated for a 
step wise increase in the pipe size to fit the demand at the time and increased utilisation of a system 
constructed to cover the complete demand, thus increasing the utilisation over time. The cost of the 
pipeline structure increases from around €14/tCO2 to €26/tCO2 with increased utilisation and €46/tCO2 
with increased pipe size.  
The effects of timing have been analysed by investigating the effects of increasing the amounts of CO2 
over 10, 25 and 50 years, respectively. Increased pipe size is very expensive for the 10-year period, and 
the costs decrease when the time period is increased to 25 years and 50 years.  Increasing the utilisation is 
the least cost intensive option for the time scales investigated. When the ramp-up period is 50 years the 
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